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J^22Kf» ** P 0 "^ of automate* * whote^i 

D^repafr synthe*, and assessment of druoWuidizing 
^^i^ofmaonetic separation SmotogMvS 

Sil^^te^ microspores to 

^^. rt J^ T '»wphocyt 8 8 before pen^ngvar. 

Evaluating the NotogJcal funcfloos of ThSs 
D^^^nS!^?^^?^ 88881,8 8ho * ed that ^ 
w, ' te * p >° 05). The concentration of adenosine 

SJJ^^l? 6 "^ neflc mJ «»a»Pnere8. However, the 

» o^jgHfletebolizfng enzymes glutathione transferase (EC 
"•M 8 L and e P° Jdde Xydrotase (EC 3^S)eTweO as 
"eJuaflonof fte proliferative response of pSo^l aS>T 

g*££n^Ty 2?" ,t w conciuai o" that assays can 
beperft^ enviable magnetized cells. The use of mag- 

««2^8ub8ets. Laboratory robotics will be essential 
In bringing these assays into routine use. 



tens have already bssn utilized in manual asaaament f 
»™»tozic exposures. However, most of the tests lave and 
n^ d TT d W >T»'^anin«d eellsaSiSSj 
£lT ^ of which present tffficultofor 
extrapolating the results to humans. 

m i!^ W n P ? Mnt J ^ n ^ based on the use of 
SffSf y ^ human lymphocytes, to sborten^ay 
tune and to provide a means of automation, so thatthe 
a^ys can be reproducibly performed with h££ 
put and lower cost than in manual procedm^ FW*^ 
automation of cell assays givesZn^^ 
perform assays on cells that until now have be^regarded 
astoo tome consuming and expensive for use uS 
lanoratones, e.g., assessment of drug-metaboliriiw en. 
^mes or of DNA repair synthesis. memoUaa 8 en- 

Materials and Methods 



]Zr-~ZZ^'™' : 000 vtobi < it y>**tes • DNA synthesis ■ 

S&Sn^*"^ because of the ee?£SeS 
(centnfugabon) now in use. A normal centrifW 
hZJSL V* l0 - 2O% °f the cells, so ZTkX 

yield can he <*hw^ a«^^ M,M ^ a Mw 

Many chemicals to which humans are ern3* h.« 
iSTSSZ^fil? I * M0 »ble cost At presentthe 



— J 

— *~ *»c ucacrioe 



I-aSX?*!, Y* 016 foUowin 8 "onoclonal antibodies 
(mAbs): Mark-1, mouse anti-rat kappa light chauXfcriH 
oma obtained from H. Bazin (2); b3E£SJ aTmSel 

•SkSTmJ!/'* *T ^ Brodin «* anti^Hnd 
anto-OM hybndomas, obtained from the American Cut 

Sed "Tr° n P"* Bethe8da ' ^-dWS52ot 
/mi ^ra? Coulter Corporation (Hialeah, PL). 6 

.^O^mhunum donors. We diluted the blood 
StefS*^, 11 ? 8 ^ Ph^te^uffered saS Jer 
I^o^^ olrfph ^ te ' 0l Mnm»olofNaCl nH74 
and M £00 int units of heparin) and sepa^ttem on a 
^U-^e^on (density 1.077 kgS^tr^on 
MOO x £ for 30 mm). The interface cells were waalmdtK^ 
*m« in RPMI-1640 medium (FlowlSS^a! 
^g^lemented with, per Uter, 10 ^mol of i-' 
(^hydr^thylMiriiier^^ addCHOTS) 

(aS^l^S:^ 10 pf bovine serunfamS' 

iRXBSA-soIution). Residual erythnxrvtea were ImwTkTi!^ 

f^Wded in RlBSA. MNC viability, aSST 
nypan blue exclusion, exceeded 98%. y 

^*« pb /'? te8 were ^^ted fiwn the MNC by the 
££Vfj*fP e nJhrocytes, activated wi^SuT 
ethyl^ouromuml^bromide CAET; Sigma Chemt 
ca^Co St Louis, MO), which formed roeeitewith St 



S-22oT^XX tenheiK ^ Jratoy ' Uniwreit y «f Lund, 
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I^uta^^o^t..i ' KMPI "„ 1640 medium supplemented with 

dSedDN^Z^ *Ph»M>ate ribosyltransferaae; UD8, wfflcte-' 
muea UNA synthesis; GT, glutathione transfoWNAAAiT 



Procedures 

Magnetic microsphere production. We prepared the mag- 
netic microspheres and subsequently attached mAbs to 
Jr", 88 * 58cribed Previously (5). In brief, we 

dissolved 600 mg of starch in 1.6 mL of water, added 300 uL 
or a magnetite suspension ("EMG 805 HMOS"; Ferrofluid 
Corp., Nashua, NH), and emulsified this in vegetable oil by 
pumping it through a high-pressure homogenizes To sta- 
bilue the microspheres, we slowly poured the emulsion into 
acetone while stirring. After washing the magnetic micro- 
spores with acetone, we activated the particles by adding 
2^,2-tnfiuorcetnanemilfonyl chloride (6). The mAbs »ta 
concentration of 1.3-2.0 g/L, were covalently coupled at 
room temperature for 1 h to the activated magnetic micro- 
spheres in carbonate buffer (0.1 mol/L, pH 9.6), yielding 
about 150 ng of mAb per milligram of magnetic micro- 
spheres (dry weight). 

Magnetic separation. mAb-coupled magnetic micro- 
spheres were suspended and added to MNC. The mixture 
was incubated under mild agitation for 1 h at 4 "C inMBSA 
To magnetically separate the MNC-magnetic microsphere' 
suspension, we used cobalt/samarium permanent magnets 
on the outside of the test tube. Cells with attachedmag- 
netic microspheres were retained by the magnet and used 
in the subsequent assay. Carried out at 4 °C, the magnetic 
separabon procedure was completed within about 15 min. 
To determine the relative number of cells identified by the 
various mAbs, we used an Epics C flow cytofluorometer 
(Coultei 'Electronics, Hialeah, PL) and fiuorescein-labeled 
mAbs. After the magnetic separation we determined cell 
recovery and viability of the fractions by countinR the cells 
in a hemocytometer. 

Robotics. We programmed a laboratory robot system 
(robot arm, software, and dispensing equipment from Per- 
km-Elmer, Palo Alto, CA) to perform the cell separation, 
starting with Ficon-separated MNC, and the adenosine 
ambosphato ribosyltransferase (ADPRT; EC 2.4.2.30) as- 
say in exactly the same way as done manually. Only the 
actual adding of scintillation fluids and the measuring with 
the beta-counter were performed manually. 

Interfacing, error handling, and programming of the 
robot system were performed according to the manufac- 
turer. All other items used in the robotic set-up were 
standard laboratory equipment 

For comparing the manual and the robotic procedures. 
^YffL «*<* to perform the cell separation, then 
divided the sample for analysis by a manual and a robotic 
assay procedure. 

Analysis of Biochemical Viability of Cells 
_ Different cell populations will give different results in 
the i same genotoxic assay (7-10). Thus, to determine 
whether antibodies or magnetic microspheres attached to 
^surface of the cells would alter the final results of the 
aofferent assays, we chose to perform the assays with 
lymphocytes, which could be separated by resetting, takine 
advantage of their "sheep erythrocyte" receptor, a receptor 
that is also identified by the mAb anti-CM. In this— — 
«um i use for comparison a closely defined cell population 
that had not been contacted with any mAbs. In the cell 
separation involving magnetic microspheres, we also used 
acombuiation of anti-CD4 and anti-CD8 antibodies. These 
two mAbs together define almost 100% of the resetted 
T-cell population, as does anti-CD2. Using sheep erythro- 
cytesandth anti-CD2 mAb, we could perform the assay on 



the same subpopulation of cells, with or without aiitibedy 
or magnetic microspheres attached to the surfaces of t*M 
target cells. — « w 

Unscheduled DNA synthesis (UDS), induced with 
N-ac^^^u^lanunofluonne (NA-AAF), and NA-AAF 

published Isewhere (I/). Briefly, for NA-AAF binding to 
DNA, we cultured T lymphocytes, with or without ^antibod- 
ies or antibody-coupled magnetic microspheres, in Hank's 
Eagle medium (Flow Laboratories) fortified with human 
platelet-poor plasma, 10 mL/L, then exposed them to 1 
pmAtf [*HJNA-AAF (5.18 kCi/mol; Midwest Research 
Institute, Kansas City, MO) for 30 min at WC After 
rr^f' ^a^JT 5 Rested b > centrifugation at 400 
xg. The NA-AAF bmding to DNA was determined by 
extraction and purification of the cellular DNA, followed bv 
gmm^fication of the bound radioactivity (counts/min of 
I HjNA-AAF per microgram of DNA). 
■ °f lla ^ ex P° sed to 10 t^aol of unlabeled NA-AAF 
in Hank s i Eagle medium supplemented with human plate- 
let-poor plasma, 200 mLl, (obtained by centrifiiging plate- 
k^nch plasma for 10 min at 600 x g). After 30 min at 
37 °C the culture medium was replaced by fresh medium of 
the same kind and further incubated for 18 h at 37 «C in the 
presence of hydroxyurea, 10 mmol/L, and [ 8 H]Thd (25 
kCMnol; Aineraham Int., Bucks., U.K.), 10 mCi/L. The 
UDS could then be estimated as counts/min of [ 8 rTJThd 
incorporated per microgram of DNA, after subtracting the 
counts/min of[ 3 H]Thd incorporated per imciograrnofDNA 
m a control culture that had not received NA-AAF. The 
vanabdityofour methods carried out as described here was 
<19.3% for eight separate experiments repeated at weekly 
intervals on cells from the same individuals {12). 

Dmg-tnetaboUang enzymatic assays. We determined the 
gutettione teuiaferase (GT; EC 2.5.1.18) activity toward 
I MJfrww-stilbene oxide (tSBO) by a procedure already 
reported (13). In brief, T lymphocytes, with or without 
antibodies or antibody-coupled magnetic microspheres, 
were incubated with and without reduced glutathione. 5 
ESSSif * 87 ° C - Eight "unutes after adding 250 uaol of 
I HJtSBO, we terminated the reaction by adding hexanol 
shook vigorously, then centrifugated the sample in a desk- 
top centrifuge to obtain phase separation. Radioactivity in 
tte ahquote from the lower (aqueous) phase, where the 
glutatnione-conjugated product remained, was counted by 
liquid scintillation. We expressed the activity as picomoles 
of conjugate per minute per 10 T cells. 

We also determined activities of soluble and membrane- 
™^_epoxide hydrolase (EC 3.3.2.3) towards [ s H]tSBO 
J ? ] f'^ be,le 03ridfi - respectively («). Briefly, we 
incubated T lymphocytes for 60 min at 37 °C in isotonic 
saline, with or without antibodies or antibody-coupled 
magnetic microspheres. Adding the substrates (CHftSBO, 
25 /imol, or [ 3 H]cis-stilbene oxide, 60 junol) started the 
reactions. We terminated the reactions by adding dode- 
cane, shook vigorously, then centrifugated for phase sepa- 
ration. Radioactivity in the aqueous phase was counted as 
s-FicaoBu us picomoies of product tbrmed per 
minute per 10 7 cells. 

Adenosine diphosphate ribosyltransferase activity. We 
determined the activity of ADPRT by a procedure reported 
earlier (25). In brief, we incubated T lymphocytes, with or 
without antibodies or antibody-coupled magnetic micro- 
spheres, with Ha0 2 for 15 min. We removed the peroxide by 
magnetic washing and permeabilized the plasma mem- 
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banes at 4 X for 16 min with a Tris • HC1 buffer (Tris. 10 
mni0 ^' at »S7* EDTA, 1 mmol/L; 2-mercaptoetfaanol, 30 
^^^^^411^1^). After ii«il«tion for 15^ 
f 1 ™ I ™ A 5T' «tapped the reaction by adding NaCl, 
JTmoML We recorded the data as cZStain of 
ITOAB ' incorporated into trichloroacetic arid-predpi- 
table material per microgram of DNA. 

7V«tf MtimuiatUm teste. By a passage over a gelatin 
column, we partly depleted human MNC of monocytes as 
described «6), then incubated the remaining cells with a 
mixture of mAbe OKT4 and OKT8. We then added maK- 
netie microepheres to which RAMOL-1 had been coupled knd 
magnetically separated the cells as described above. By 
incubating a sample of die cells overnight at37°C the 
great majority of the cells was entirely &ee of particles 
^^^^^"^^^roephenB. However, a few 
cells with a very low concentration of particles still re- 

cX^^Sif 8 ^ ""l™* «^ tomicrospher; 
cells with attached microspheres, and cells afterdetacT 

Sil ^l 1 ^? 1 ^!? f< ? P™ 1 ^™^ response to the 
^iS^ TO ^ phj ^ e, ^ utinm ' staphylococcal 
enterotodn A, or pokeweed mitogen. After 72 h, we also 
rortMy determined, in triplicate, the DNA synthesis^ 
I njtnymidine incorporation as described (17). 



In allthe experimente reported below we isolated the T 
gW"^ nwa .blood donors so as to make them at least 
S^!* *Z ™ ti "CD2antibody. Table 1 shows the 
e^ rf^magnetixed snti-CTJ2^»upled antibodies at the 
surface tf T-lymphocytee on UDS, on NA-AAF bmdingto 
**™*' attd onhydroxyurea-euijpresse^ DNA syntheds We 
observed no significant eflect by the bound antiboZ and 
partaclee on theaaeay results. We conclude that the enzyme 

^ qUaD ?! Cation not ^fleeted by 
img^T a uaa ^*KaatM magnetic microspheres. 
UDS is influenced by the DNA repair en^eMi e 

UBS and DNA synthesis are influenced by deoxynucleotide 
pools and their precursor metabolism. NA-AAF binding is 

SSSb"? ^\?***» de^cetylaseaSy 

Tterefa^we ftwnd through extrapolation that none of 

^^JPhocytes that carry magnetized ann-CD2-coupled 

Reduced iron (Fe 3 *) is well known to catalyze oxygen 
"Jf 1 P ,£^™ F«»ton reaction in^S 
syatems (IS). ADPRT, a nudeotide-asaociated enzymiin- 

Tabte i. Effect of Antibody«oupiad tftametfe 
Human T Lymphocytes 



volved in DNA repair, cell proliferation, differentiation. 

bZK fT e T n ' ? acthratod * DNA strand 
breaks, including those introduced by oxidative stress (19) 
As Table 2 indicates, the ADPRT aSvityiSSd £ 

l&f^ P 81 *^ 68 ' bu * amount 
ofADPRT ^activity induced by the standardized 100-,imol 
dose of Ha0 2 was not significantly altered. 

Table 3 illustrates the influence of the presence of anti- 
bj^<oupled magnetic microspheres at the lymphocyte 
surface on the quantitative estimation of phase HorS 
metabolizing enzymes: GT and epoxide hydrolase. The* 
enxymes are influenced by the cellular presence of oxides 
and epoxides often produced by the mixed-function oxi- 
oases, some of which may be genotoxic and related to 
iron-influenced production of oxygen radicals. 

Table 3 shows that GT-tSBO activity can best be mea- 
sured in magnetically tagged T-lymphocytes in the ures- 
P/^*^™^, mmol/L), 8 «Hmbatrate fin- GT-tSBO 
activity. It did not help the GT-tSBO assay that we penne- 
abuued the cells by eomcation. On KnWy E 
turns of soluble epoxide hydrolase activity substantially 
unproved when we sonicated the magnetized cells before 
performing the assay. On the other hand, membrane-bound 
epoxide hydrolase was unaffected by the presence of anti- 
body-coupled magnetic microspheres when we performed 
tte assay in isotonic saline. The coeflkients of variation for 
ff* 8 «™te*w*n 9* and 11% (13, 14). Together, 
tnese data support our conclusion that valid assays for GT 
hydrolase can be performed on cells that carry 
antibody-coupled magnetic microspheres, because the cells 
remain viable. 

Table 4 summarizes results for assays ofADPRT per- 
formed bythe robot and by the manual procedure, refer- 
ences between manual and robotic procedures for the effect 
or peroxide stimulation are well within the error of the 
asaa* This demonstrates the reproducibility of the results 
obtained for cells having surface-attached particles even 
when subjected to the robotic procedure. 

We also evaluated the proliferative responsiveness of 
MNC to polyclonal activators with attached magnetic mi- 
crospheres ^ compared with the response of samples from 
the same cell population but without exposure to micro- 
spheres or after detachment of the microspheres The 
presence of microspheres on the cells did not preclude a 
proliferative cell response, although the amplitude of the 
response was sometimes significantly reduced (Table 5). 
Tfteresiionse tended to increase somewhat from those 
lowest values, when cells were tested after the micro- 

... Tab » *• ■»« * AnapooycoMpied Magnetic 
Microspheres Adhering to Human t Lymphocytes on 
ADPRT Activity 



NA-AAF- 
Muead 

UDS 



NA-AAF 

I to 



PHJNAD+ eounta/Mn 



With antibodies 
WTOwrt antibodies 
Wrthmagrottepartctes 

VVatwut magnetic particles 
n-4»ach.ABdWwencea«i 



i±SEH) 

241 ±5 100 ± 18 
255 ±12 125+ 7 
249 ±13 57 ± 2 
251 ±12 64 ± 4 
> nonsignificant (P >a0S) by SUxJents Msst 



105 ±5 
114 ±7 
122 ±4 
112 ±5 



Typ»of cen* 

L1 

LI + HgO, 
M* 

M* + H 2 0 2 



228 
1167 

693 
1546 



ecu 

21 
217 
53 
203 



939 
802 
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u " U ^f"!. S ^ 9d ^ r0S8ttr ' 9 8heeo ayhrocytes (n = 2 each), 



3.Eff^ofAntU»dy<*.^ 



rtymphocymonly 



Glutathione transferase activity (n = 4) 

(n3afine(NaCt,&5g/L) 

In saline + QSH, 5 mmol/L 

Sonicated fn saline + QSH 

Sotubto epoxide hydrolase activity (n = 

InaaSne 

Sonicated in saline 

(n = 2) 
In saline 
fnsafine 

Sonicated in saline 
* Ptonotas of prodjct formed per minute per 10' c 



Battgreun* 



196 

1396 

11.1 
12.0 

6.6 
10.5 
10.1 



100 
100 
100 

100 
100 



100 
100 
100 



402 
36 




i 0 Nonergymatfc conjugation. QSH, glutathione. 



6.8 
9.9 
5.7 



77 
94 
56 



Table 4. Robotic Coll Separation and Assay of ADPRT* 

AOPfn-acty.oountaMn 
(PHJMAO* Incorporated par ua 
of DIM) 



Manual 
Robot 

Manual 
Robot 

Manual 
Robot 

Manual 
Robot 



376 

312 
273 

544 
548 

174 
175 



9 


928 


97 


457 


1.97 


62 


799 


13 


421 


2.11 


14 


637 


61 


525 


2.68 


41 


671 


48 


398 


2.46 


9 


1642 


100 


1098 


3.02 


69 


1750 


48 


1202 


3.10 


29 


214 c 


122 c 


40 


1.22 


1 


244 tf 




49 


128 



on offlarant patents, compared with the manual procedure. ThetreaSoata 
wear^lOOfimoloiryv h""—"* i ne treated cells 



'aiVooerBa^oo^iuoe broken by Bw robot 



sphere i had been detached during an overnight incubation 
(data not shown). 

Discussion 

TCusgenotradc endpoints we used to estimate the influ- 
ence of antibody-coupled magnetic microspheres attached 

shewn to reflect cell functionality related to cancer risk 

In analysing different functions of peripheral blood cells 
it is often necessa-y to first separate tiw tfffiwm* ~>n »— T- 
««u«b^ anoiner, to avoid interactions between different 
ceii^pes, i.e., when the presence of one cell type affects the 
torchon of other ceU^pes. Cells may be seated on the 
baosof their density, size, or surface charge, and the 
DHrthods chos^ although useful for preparative purposes, 

Si!? f I act V >nfl «aside«We functirj] teteS 
gBneitv . The development of monoclonal antibodies to cell- 



s^ace antigens has provided a tool of unmatched sued, 
fiaty. These antibodies have been used in various anZ- 
separation methods and are the basis for fluorescence- 
activated cell sorting. During the last deaatetfce 
development of magnetic cell-eeparation methods (21). nre- 
senting simplicity, swiftness, and the aE^aaaiate 
large quantities of cells, has attracted ^SS^S- 

Blood samples from normal human donors display a 
normal variation in the amount of cells m eadi subdass. 
Such variation is known to influence the result of certain 
nnmunological and genotoxic assays (10, 22). When ma* 
neto separation technology is used, highly reprodiS 
*g-f °~» of ttTbjghde^o? 

assays with defined cell subeete would be virtually impc* 
aiMe without magnetic separation technology. 

Our purpose here was to develop a simple separation 
netted that would enable us to fractionate viable cell 
suigopulatums according to their surface phototypes, to 
perform subsequent assay of cellular variables, and to 
US* **£ ""S procedure8 - Development of such a 
enabIe J UB to P 61 ?"™ assays in the areas of 
genetic toxicology and immunology on a large-scale basis, 
as would be required in epidemiological studies orin 
clinically routine tests. 

Genotoxic or immunological functionality testa are not 
regarded as suitable tools for clinical laboratory testuur 
because of their complexity and high costs, inamly related 
to the following: 

• Cells hava a limited survival time; i.e., samples have 
to be analyzed immediately at arrival to the labora- 
tory. 

• The cells have to be handled gently in a well-defined 
environment. 

J handling of the cells has been manual 
^urreniiy, to demonstrate the content of (e.g.) an enzyme 
or a hormone in certain cells, one obtains a blood sample, 
separates and kills the blood cells, bjtfveito the einSmeor 
hormone, and quantifies the amuyte in a test tube. How- 
ever, ttus performance does not necessarily reflect the 
actual biochemical reactions within the cell, because most 
biochemical reactions depend on pools of precursor sub- 
stances. Thus it makes a difference if we add a substrate to 
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of Human MNC to p °fycjonef Activators before and after Magnetic! 




PHA,5|io 
PHA,5*g 
PHA.5M0 
SEA, 0.1 ng 
PWM, 12500 



»**™*° that a» ^ZS £e S 

Once potoitiaUy DNA4annging eSa hL 
in termeiaiy products. That this intracellular 

^™«nbr^c antigen has not been usefiL iTsSn J 
Sf m ^!^ y bec *» of the high febe^^ST^d 
fe^-negabve percentages in nonnalpofSSS 

«n«r rt is important to test the close relatiWf aifeSed 
aS^^T f™*®*** for the 

e &\ breast > "Ion. and long, a cwurifaiMe 
portion of the Domiktion d«.u -- TT 5 ' ^ aaerawe 



portion ofth« ^'i^rr^.TT „ lm & a considerable 
oasis at a reaaSe^ P ^^ ed ° D a ,ar 8^e 

^r^sn^^^ t ^ tome ^ tn e degree 

^SftTnfC^ T£ I8pi ?* of kfcnnation must 
ne with the benefit to the patients, fern, -f *i~ 

■ — cmuve can be used f """" *°° 



e'Sr^S ^ t l5 ng v f,nUtated How- 
uF'toiSSS T? ^ human manual 
l!! Q XJ?^ ed above - ^ »*> «f magnetic muromherw 
attached to the surface of viable cellsSeslSeX 

t^f ^jaboratory robotics. Thus, the rat hepTtocyte test and 

sented h«. n with ^ of &e techniques pre- 

Similarly, the pharmaceutical industry has hirf, H«. 

relate tesbngftr mutagenicity and cairinogenidty one 
relevant cell system -arty in the de velo^enTof a drug 
and at a reasonable cost, would be advantageous 

In conclusion, we used magnetically resnonsivn m i-«w 

Z fi£S^ ceU^wrtace antigens to obtain a subset ofceUs 
for forther genotoxicological and immundSassaW 
^we^su^ed to^ d how little the rtJEKJES 

national immunological assays routinely at a reasonable 

SrerkerSaD^T iJ^ ST' ^S!! 6 ^ acknowledged We thank 
separations; Anders Olsson ^r^vL^Tt ™ magnetic cell 



of 
come 



'wtang in an unhe^en^nment ^ Bt ° PPmg 
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